Multiple paternity has been documented as a reproductive strategy in both viviparous and ovoviviparous elasmobranchs, leading to the assumption that multiple mating may be ubiquitous in these fishes. However, with the majority of studies conducted on coastal and nearshore elasmobranchs that often form mating aggregations, parallel studies on pelagic, semi-solitary species are lacking. The tiger shark (Galeocerdo cuvier) is a large pelagic shark that has an aplacental viviparous reproductive mode which is unique among the carcharhinids. A total of 112 pups from four pregnant sharks were genotyped at nine microsatellite loci to assess the possibility of multiple paternity or polyandrous behaviour by female tiger sharks. Only a single pup provided evidence of possible multiple paternity, but with only seven of the nine loci amplifying for this individual, results were inconclusive. In summary, it appears that the tiger sharks sampled in this study were genetically monogamous. These findings may have implications for the genetic diversity and future sustainability of this population.
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Introduction
Increased human exploitation over the past two decades coupled with increasing habitat modification poses immediate threats to shark populations worldwide [1] . Many species of sharks have low resilience to exploitation because of their life-history characteristics, such as late age maturity and low fecundity [2, 3] . Coupled with the demand for shark-related product driving the depletion of shark populations worldwide, the removal of oceanic predators is predicted to have serious consequences for entire 40°145°150°155°F igure 1. Capture locations of Galeocerdo cuvier mother-litter groups (n = 4, red stars), and population samples used to determine allele frequencies (n = 34, black triangles) from the Australian east coast. Numbers beside black triangles indicate sample sizes from that location. Note two mother-litters were captured at Rainbow Beach. the best of our knowledge, full litters were received from the Gold Coast and Rainbow Beach females (litter sizes [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] ; however, only 16 pups from a litter of 62 were made available to this study from the shark contractor in Cairns (table 1) . To test for multiple paternity among pups, nine microsatellite loci developed for tiger sharks were used [36] . The maternal genotype was not collected for one litter. Tissue was stored in 95% ethanol until laboratory processing. DNA extraction was performed using either a QIAGEN DNeasy blood and tissue extraction kit following the manufacturer's protocols (QIAGEN Inc., Valencia, CA), or a salting out method [37] . PCR amplification of loci was optimized using the system reported in [38] . To estimate allele frequencies for the local population, genotyping was completed for 34 adults randomly sampled from a collection of several hundred individuals previously captured (described in [38] ). Departure from Hardy-Weinberg equilibrium was tested using the Markov chain method in GENEPOP 4.1.3 [39] , with 100 000 dememorization steps, 100 batches and 10 000 subsequent iterations. The number of alleles, unbiased expected heterozygosity and the probability of identity of siblings (PIDsib) were estimated using GenAlEx 6.5 [40] . Genotypes were checked for null alleles and scoring errors using Micro-Checker 2.2.3 [41] . We also tested for linkage disequilibrium among loci using an exact test based on a Markov chain method as implemented in GENEPOP, in both cases using sequential Bonferroni to correct for multiple tests (p < 0.05; as per [38] Table 1 . Galeocerdo cuvier litter characteristics including date and location of capture, litter size, sex ratio (female:male), mother and mean pup size ± s.e. (centimetres (cm), and total length (TL)). Sex ratio for Litter 4 (partial litter) not calculated as equal numbers of males and females were provided to the study. To determine the power for detecting multiple paternity, we performed simulations using PrDM 1 [42] . This software calculates the probability of detecting multiple sires given: (i) allele frequencies in the adult population; (ii) differing litter sizes and (iii) differing multiple paternity rates. We simulated three multiple paternity scenarios: (i) two fathers' equal paternity (50% each); (ii) two fathers' moderate skew (66%, 33%) and (iii) two fathers' high skew (92.5%, 7.5%). The 'high skew' scenario represents approximately one pup with a different father in a litter of 15. Simulations were performed across the range of litter sizes in our study, using allele frequencies estimated from the Australian east coast population (34 adults) and assuming maternity was unknown.
Paternity of litters was determined using two methods: manual allele counting (see also [7, 43, 44] ), and a full pedigree likelihood method, executed in Colony 2.0.5.5 [45, 46] . Manual allele counting was undertaken by subtracting the maternal alleles and identifying the number of unique paternal alleles at each locus. The total number of alleles per locus for each litter was also quantified. The presence of more than two paternal alleles across at least two loci was considered evidence for multiple paternity [7] . The software Colony 2.0.5.5 infers sibships and parentage based on multilocus genotypes by assigning Table 2 . Microsatellite marker diversity for east Australian G. cuvier (n = 34) described by number of alleles (N a ), effective number of alleles (N e ), observed (H o ), unbiased expected heterozygosity (uH e ), expected heterozygosity (H e ) and inbreeding coefficient (F is ).
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Tgr_1157 Tgr_1185  Tgr_212  Tgr_233  Tgr_348  Tgr_47  Tgr_891  Tgr_943  N a  4  8  6  3  2 2  1 6  5  1 offspring to full-or half-sib families. Pedigrees for each cluster are constructed by the software, and then pedigree likelihoods are compared to define sibling groups. Maternal genotype was included where known (assigned with high confidence, 0.999), and a low uniform error rate was applied (0.0001).
Results
Preliminary screening of adult genotypes from selected east coast Australian locations detected no significant deviation from Hardy-Weinberg disequilibrium, and all locus pairs were in linkage equilibrium following sequential Bonferroni correction (p < 0.05). Mendelian inheritance of alleles at these loci was further supported by the complete concordance of mother-offspring genotypes (112 comparisons). The nine loci had an average of 10.3 alleles (range 3-22) and unbiased heterozygosity of 0.72 (range 0.43-0.93; table 2). This allowed differentiation of siblings with high confidence (PIDsib = 0.0003). Manual allele counting indicated that only one father contributed to each litter. None of the three litters where maternity was known had more than two paternal alleles for at least two loci. For the litter where the mother was not known, the total allele count per locus in the litter did not exceed 4, which implied a single sire. If two fathers contributed equally to litters, or with only moderate skew (66 : 33%), PrDM simulations indicated that we had strong power to detect multiple paternity, even for the smallest litter size (n = 16, p > 0.999; table 3). However, detecting multiple paternity at high skew was more difficult (92.5 : 7.5%; e.g. approx. 1 offspring out of 13 with a second father). The smallest litter size had a probability of 0.71 of detecting high skew, but for the largest litter this increased to 0.939, indicating that in all but the most extremely skewed scenarios, evidence of multiple paternity would have been detected (table 3) .
The manual allele counting method to estimate the number of fathers was confirmed using the software Colony. Three litters were identified by Colony as being fathered by a single male. In the fourth litter, a single pup, out of a litter of 34, was assigned to a second father with high confidence (probability of substructure = 0.999; figure 2 ). The second male assignment was based on two loci; however, the pup was homozygous at these loci with an allele that matched its mother. Thus, while it is possible that TS561  TS557  TS553  TS549  TS182  TS178  TS174  TS170  TS166  TS162  TS158  TS154  TS150  TS133  TS129  TS125  TS121  TS117  TS113  TS084  TS080  TS075  TS071  TS067  TS063  TS059  TS055  TS051   Gold Coast   Rainbow Beach 1   Rainbow Beach 2   Cairns   TS561  TS557  TS553  TS549  TS182  TS178  TS174  TS170  TS166  TS162  TS158  TS154  TS150  TS133  TS129  TS125  TS121  TS117  TS113  TS084  TS080  TS075  TS071  TS067  TS063  TS059  TS055  TS051   Figure 2 . Sibling relationships (sibships) based on pedigrees for each litter, indicated by yellow diamonds. Three of the four litters are fathered by a single male. A single pup (TS075; green triangles) is proposed as a half-sibling, and assigned to a second father (probability of substructure = 0.999).
this pup was the result of a second male gaining paternity, this assignment could also be due to allelic dropout. Only seven of the nine loci could be amplified for this pup, and repeated genotyping was unsuccessful.
Discussion
This study provides the first genetic assessment of the reproductive strategy of G. cuvier, highlighting a potentially critical aspect of the species' life history. Successful mating in sharks with wide-ranging coastal and pelagic movements may depend upon the rate of encounter between potential mates [9] , and because of this, multiple mating is probably less common [47] . This may be further compounded when the stock is impacted by fishing exploitation, decreasing the rate of encounter due to declines in abundance or changes in sex ratios of mature individuals [9] . The capacity to rebound from population reductions is often directly linked to the reproductive potential of a species; therefore, the knowledge of species-specific reproductive strategies is central to the development of appropriate management and conservation plans [48] .
Despite genotyping 112 pups from four different litters, evidence for multiple paternity (more than two paternal alleles, more than one offspring assigned to a second male) in tiger sharks from this population was limited to potentially one individual. Instead, the data indicate predominantly single-sired litters in the tiger sharks sampled herein. If multiple paternity does occur in tiger sharks in this population, it does so at extremely low frequencies within litters (1/34; in 1 of 4 litters). Although multiple paternity is widely accepted as a common reproductive strategy in elasmobranchs, the frequency and prevalence may vary between species, populations and even between conspecific individuals [9, 49] .
Genetic monogamy has been reported in only one other elasmobranch, the bonnethead shark (Sphyrna tiburo), with 22 litters sampled from the Gulf of Mexico revealing over 80% as being single-sired [7] . Most notable was the presence of multiple paternity only in mothers that were significantly larger and had more offspring than mothers of single paternity litters. It was noted by Chapman et al. [7] that species with large, highly dispersive populations probably have lower levels of polyandrous mating and multiple paternity than those with small, fragmented or less dispersive populations. Given there remains only scant evidence of philopatry to mating and pupping grounds for G. cuvier [50] , and that there is little population differentiation across the Indo-West Pacific region [38] , it appears that like S. tiburo, tiger sharks are either predominantly monogamous (males and females producing offspring with a single partner each reproductive cycle), or polygynous (males producing offspring with multiple females, but females only producing offspring with one male [7] ).
Given the semi-solitary ecology of G. cuvier, Pratt [34] proposed that the duration of long-term storage of viable sperm in the female oviducal gland would match at least the gestation period for the species, with repeat fresh inseminations required to increase the chance of fertilization in the absence of male contact. The lack of multiple paternity found in this study may indicate that sperm is either stored from a single male at a time, or, in the event of multiple matings, some other form of post-copulatory process is taking place. Reported widely in other taxa, physiological mechanisms such as sperm competition [51] , sperm 'flushing' [52] , and facilitating or inhibiting sperm mixing in the oviducal gland prior to fertilization [53] remains unknown in chondrichthyan fishes. Comparative studies on oviducal gland morphology with the prevalence of multiple paternity will significantly increase our understanding of how cryptic female choice might occur in elasmobranchs [16] . Advances in collection techniques may also allow researchers to directly genotype stored sperm, allowing for comparisons between successful matings and the genotypes observed in resultant litters.
Although only four litters were analysed in this study, several other studies analysing between one and four litters discovered multiple paternity in a range of sharks, including species that also employ an aplacental reproductive strategy (e.g. C. altimus, n = 1 [9] ; Hexanchus griseus, n = 1 [54] ; Ginglymostoma cirratum, n = 3 [55] ; Isurus oxyrinchus, n = 4 [56] and n = 1 [12] ; C. carcharias, n = 1 [56] ). Furthermore, the large litter sizes tested for paternity in this study when compared with other studies of smaller litter sizes [14, 57] should have increased the chance of discovering multiple paternity across a litter, even at low frequencies. The presence of a single pup with two homozygous loci that potentially had a different sire was inconclusive, based on only 7 of the 9 microsatellite loci amplifying, and the repeated genotyping three times failed to validate the original results due to degraded DNA.
With some studies suggesting that multiple paternity may maintain genetic variation in a population, or increase effective population size [58, 59] , there is a greater likelihood that some of the offspring in a litter will be more adaptive to changing environmental conditions [57, 60] . This might be particularly relevant in elasmobranchs, which generally exhibit a slower rate of molecular evolution than other vertebrates [57] . Compared with sharks that employ multiple paternity as a mating strategy, the effective population size of G. cuvier may be strongly constrained by the total number of breeding females [58] .
Understanding the reproductive strategies of commercially and recreationally exploited elasmobranchs is fundamental to implementing appropriate fisheries management regimes. The lack of evidence supporting multiple paternity in this species may indicate that tiger shark populations are more vulnerable to the loss of genetic diversity than other sharks which use this strategy. With most females not sexually mature until approximately 325 cm TL (approx. 12 years of age; [32] ), coupled with a possible triennial breeding cycle decreasing annual fecundity to around 33% [15] , tiger sharks in this region may have a reduced capacity to withstand significant amounts of fishing pressure. Together with the recent catch rate declines identified on the Australian east coast [21] , additional management measures to ensure the sustainability of tiger sharks in this region may be required.
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